. JMJD3 regulates Pdlim4 expression by interacting with KLF2. (A) Screening of transcription factors interacting with JMJD3. 293T cells were cotransfected with HA-tagged Runx2, Klf4, Klf2, Wdr5, Fosl1, FosB, Wnt5a, Nkx2.1,. WCLs were immunoprecipitated with anti-FLAG Abs and immunoblotted with anti-HA Abs. (B) Schematic presentation of the Pdlim4 promoter-driven luciferase construct. The promoter region -1512 bp upstream was cloned into an episomal luciferase vector. (C) The transcriptional activity of proteins interacting with JMJD3 in regulating Pdlim4 was evaluated by dual-luciferase assay. Data are presented as mean ± SD from 3 independent experiments (n = 3). **P < 0.01, 1-way ANOVA with Tukey's multiple comparisons test. (D) Thymic CD4 SP T cells were isolated from WT and Jmjd3-cKO mice and immunoprecipitated with anti-JMJD3 or anti-KLF2 Abs and protein (A+G) beads. The immunoprecipitated product was immunoblotted with anti-KLF2 or anti-JMJD3 Abs. (E) Mapping the KLF2 and JMJD3 binding regions of the Pdlim4 promoter using a dual-luciferase assay. Different regions of the Pdlim4 promoter were cloned into the episomal luciferase vector and then were cotransfected with Klf2 and Jmjd3 into 293T cells. Data are presented as mean ± SD from 3 independent experiments (n = 3). *P < 0.05, Student's t test. (F) ChIP-qPCR analysis of percentage of enrichment of KLF2 at the Pdlim4 promoter in WT and Jmjd3-cKO thymic CD4 SP T cells after ectopic expression. Jmjd3 IgG was used as isotype control. n = 3. **P < 0.01, 1-way ANOVA with Tukey's multiple comparisons test. Figure 7. JMJD3 regulates PDLIM4 by facilitating the interaction between KLF2 and WDR5. (A) 293T cells were cotransfected with HA-Klf2 and FLAG-tagged Ash2L, RbBP5, Wdr5, or Dpy30. WCLs were immunoprecipitated with anti-FLAG beads and immunoblotted with anti-HA Abs. (B) WCLs from WT and Jmjd3-cKO CD4 SP T cells were immunoprecipitated with anti-KLF2 Abs and immunoblotted with anti-JMJD3, WDR5, and KLF2 Abs, respectively. (C) Schematic presentation of cloned HA-tagged N-and C-terminal regions of KLF2. (D) 293T cells were cotransfected with HA-N-terminal, HA-C-terminal, or full-length Klf2 along with FLAG-Wdr5. WCLs were immunoprecipitated with anti-FLAG beads and immunoblotted with anti-HA Abs. (E) 293T cells were cotransfected with HA-N-terminal, HA-C-terminal, or full-length Klf2 along with FLAG-Jmjd3. WCLs were immunoprecipitated with anti-FLAG beads and immunoblotted with anti-HA Abs. (F) 293T cells were cotransfected with HA-N-terminal, HA-C-terminal, or the middle region of Jmjd3 along with HA-Klf2. WCLs were immunoprecipitated with anti-Klf2 Abs and immunoblotted with anti-HA Abs. (G) 293T cells were cotransfected with HA-N-terminal, HA-C-terminal, or the middle region of JMJD3 along with FLAG-Ash2L. WCLs were immunoprecipitated with anti-FLAG Abs and immunoblotted with anti-HA Abs. (H) Schematic diagram of proposed mechanism of how JMJD3 and KLF2 regulate Pdlim4 expression. JMJD3 interacts with the MLL4 protein ASH2L and forms a stable complex with KLF2, which is capable of binding to the Pdlim4 promoter.
Introduction
T cell development in the thymus is a multistep process. Early thymic progenitor cells (TPCs) differentiate into T cell receptorexpressing (TCR-expressing) CD4 + CD8 + double-positive (DP) thymocytes in the cortex and then mature into single-positive (SP) CD4 + and CD8 + T cells in the medulla (1) (2) (3) . It is known that T cell trafficking from the thymus to the periphery and then migration into the secondary lymphoid and peripheral organs are regulated by the dynamic cytoskeleton. The dynamic remodeling of the actin cytoskeleton is a key component of cell locomotion and membrane trafficking (4) . Of note, cellular mobility and transmigration through the endothelium require F-actin-binding genes for complex cytoskeletal rearrangements (5) . After negative and positive selection, the immature T cells express transcription factor Kruppel-like factor 2 (KLF2) and its target gene, sphingosine-1 phosphate receptor 1 (S1P1, encoded by S1pr1), which are required for T cell egress from the thymus and subsequent migration to secondary lymphoid organs (1, 3, (6) (7) (8) (9) (10) (11) . After thymic emigration, the trafficking of mature CD4 + or CD8 + SP T cells is a major process for allowing and regulating their immunosurveillance commitment. The motility capabilities of T cells are coupled to their ability to detect and eliminate pathogens and cancer cells. Tumors can be divided into "hot" (inflamed) and "cold" (noninflamed), according to the presence of T cells. The presence of tumor-infiltrating lymphocytes in the tumor microenvironment has been reported to correlate well with positive clinical outcomes (12, 13) . Thus, the promotion of tumor-specific T cell infiltration into the tumor microenvironment would benefit T cell tumor immunotherapy. On the other hand, the abnormal motility capabilities of T cells are coupled to the development of undesirable responses against self-antigens, which is a key step in autoimmune disease progression and the failure of organ transplantation. Recent results show that S1P1 agonist FTY-720 (Gilenya) arrests T cell trafficking and prevents multiple sclerosis relapses (14) . Therefore, T lymphocyte trafficking may be an important target for immunotherapy and autoimmune response. However, the molecular mechanisms responsible for T lymphocyte trafficking are still poorly understood.
The methylation state of histones is dynamically regulated by histone methyltransferases and demethylases (15) (16) (17) (18) (19) . Of note, while trimethylation of the lysine 4 residue of histone 3 (H3K4me3) is usually associated with activation of gene expression, trimethylation of the lysine 27 residue of histone 3 (H3K27me3) is conversely associated with repression of gene expression (15) (16) (17) (18) (19) . Methylation of H3K4 can be mediated by several histone methyltransferases (20) , while demethylation of H3K4me3 is mediated by members of the lysine demethylase 2 (KDM2) and KDM5 families of lysine demethylases. Di-and trimethylation of H3K27 (H3K27me2/3) are mediated by the polycomb repressive complex 2 (PRC2), which contains the H3K27 methyltransferase enhancer of zeste homolog 2 (EZH2) protein (18, 21) . On the other hand, demethylation of H3K27me2/3 is mediated by 2 H3K27 demethylases, ubiquitously transcribed tetratricopeptide repeat, X chromosome (Utx, KDM6A), and Jumonji domain containing 3 (JMJD3, KDM6B) (22) (23) (24) (25) (26) . Genetically modified Utx-deficient mice develop severe heart defects during development, leading to embryonic lethality (27) . Similarly, Jmjd3 whole-body KO mice die shortly after birth (28, 29) . Although JMJD3 has been implicated in Histone H3K27 demethylase JMJD3 plays a critical role in gene expression and T cell differentiation. However, the role and mechanisms of JMJD3 in T cell trafficking remain poorly understood. Here, we show that JMJD3 deficiency in CD4 + T cells resulted in an accumulation of T cells in the thymus and reduction of T cell number in the secondary lymphoid organs. We identified PDLIM4 as a significantly downregulated target gene in JMJD3-deficient CD4 + T cells by gene profiling and ChIP-Seq analyses. We further showed that PDLIM4 functioned as an adaptor protein to interact with sphingosine-1 phosphate receptor 1 (S1P1) and filamentous actin (F-actin), thus serving as a key regulator of T cell trafficking. Mechanistically, JMJD3 bound to the promoter and gene-body regions of the Pdlim4 gene and regulated its expression by interacting with zinc finger transcription factor KLF2. Our findings have identified Pdlim4 as a JMJD3 target gene that affects T cell trafficking by cooperating with S1P1 and have provided insights into the molecular mechanisms by which JMJD3 regulates genes involved in T cell trafficking.
JMJD3 regulates CD4 + T cell trafficking by targeting actin cytoskeleton regulatory gene Pdlim4
Trafficking of WT and JMJD3-deficient T cells in adoptive transfer models. Next, we sought to determine the intrinsic trafficking properties of WT and Jmjd3-deficient T cells in Rag2 -/γc -/recipient mice, which lack endogenous T cells. Adoptive T cell transfer of equal numbers of thymic WT and Jmjd3-deficient CD4 SP T cells demonstrated reduced numbers of splenic Jmjd3-deficient CD4 + T cells compared with splenic WT cells (Figure 2A ), suggesting defective Jmjd3-deficient CD4 + T cell migration. To further substantiate these findings, we performed adoptive transfer of TCR-specific CD4 + T cells. For this purpose, we crossed TCR 2D2 transgenic mice, harboring myelin oligodendrocyte glycoprotein (MOG) peptide-specific TCRs, with Jmjd3 fl/fl mice, with or without CD4-Cre to generate 2D2:Jmjd3 fl/fl and 2D2:Jmjd3 fl/fl :cKO mice. Next, CD4 SP thymocytes were isolated by FACS using Abs against 2D2 TCR (TCRVα3.2 and TCRVβ11) ( Figure 2B ). Adoptive transfer of equal numbers of these 2D2 TCR-specific T cells from 2D2:Jmjd3 fl/fl (WT) and 2D2:Jmjd3-cKO mice into sublethally irradiated C57BL/6 mice demonstrated a lower percentage and a lower absolute number of 2D2:Jmjd3-cKO CD4 + T cells compared with 2D2 WT CD4 + T cells in the spleens and LNs ( Figure 2B ), as assessed by flow cytometry of TCRVα3.2 and CD4 cell-surface expression. Taken together, these results suggest that Jmjd3-deficient CD4 + T cells reduce the ability to migrate to the peripheral lymphoid organs compared with WT control cells.
Next, we sought to determine whether the reduced trafficking ability of Jmjd3-deficient CD4 + T cells has functional consequences for the induction of experimental autoimmune encephalomyelitis (EAE), a T cell-mediated autoimmune disease of the CNS. WT and Jmjd3-cKO mice were immunized by subcutaneous injection of the antigenic peptide for MOG (MOG35-55) plus CFA and then injected with pertussis toxin (PTx) to induce EAE (Supplemental the thymic egress (30), its target genes and the regulatory mechanisms in T cell trafficking have not been reported.
Here, we show that T cell trafficking from the thymus to the spleen and lymph nodes (LNs) was markedly altered in Jmjd3-deficient T cells. Furthermore, we have identified a role for PDLIM4, a cytoskeletal protein (31, 32) , in mediating T cell migration by affecting F-actin remodeling. We have also delineated mechanisms by which JMJD3 stabilizes transcription factor binding to the Pdlim4 promoter. Specifically, our results indicate that JMJD3 regulates the expression of cytoskeletal PDLIM4 by stabilizing the KLF2-ASH2L complex and thus controls T cell trafficking.
Results
Critical role of JMJD3 in T cell trafficking from the thymus to spleen and LNs. We previously generated T cell-specific deletion of Jmjd3 (Jmjd3-cKO) mice by crossing Jmjd3 fl/fl mice with CD4-Cre mice and found that JMJD3 plays a critical role in T cell differentiation (28) . To further define the role of JMJD3 in the homeostasis of T cell populations and trafficking, we performed flow cytometric analysis of T cells isolated from the thymus, spleen, and LNs. While thymic CD4 SP T cells and CD8 SP T cells were dramatically increased, the percentages of CD4 + T cells were markedly decreased (approximately 50%) in both spleens and LNs of Jmjd3-cKO mice as compared with WT mice (Figure 1, A and B ). Similarly, CD8 SP T cells were also reduced in Jmjd3-cKO spleens, but not in the LNs (Figure 1, A and B ). Furthermore, the extent of CD4 + T cells, but not CD8 + T cells, was reduced in the peripheral blood of Jmjd3-cKO mice ( Figure 1C ). Taken together, these results suggest that CD4-specific deletion of Jmjd3 results in marked accumulation of thymic CD4 and CD8 SP T cells, reducing their ability to migrate from the thymus to secondary lymphoid organs. Figure 3B ). Genes such as Amigo2, Igfbp4, and Lgals1 were downregulated, while Slc15a2 and Gbp1 were upregulated in thymic Jmjd3-cKO CD4 SP T cells when compared with WT CD4 SP T cells ( Figure 3B ). We also observed that the expression of Ccr7 and Cd62l were remarkably downregulated in Jmjd3-deficient CD4 SP T cells ( Figure 3B ). However, there was no significant difference in the expression levels of several other genes, such as Erdr1, Samhd1, Akr1c18, and Adam11, between WT and Jmjd3-cKO CD4 SP T cells (Supplemental Figure 2A ). S1p1 and Pdlim4 (encoding the PDZ and LIM domain protein 4), but not Klf2, were significantly downregulated in thymic Jmjd3-cKO CD4 SP T cells compared with WT CD4 SP T cells ( Figure 3B ). We further tested their expression at the protein level. The Western blotting data showed the dramatic decrease of S1P1 in Jmjd3-cKO cells (Supplemental Figure 2B ). However, we did not observe an appreciable difference in CCR7 protein between WT and Jmjd3-cKO cells. This observation was further supported by flow cytometry analysis of CCR7 on the surface of WT and Jmjd3-cKO CD4 SP T cells (Supplemental Figure 2C ). Since PDLIM4 has been identified as a modifier of actin filament dynamics through its interaction with α-actinin and F-actin (33), we postulated that PDLIM4 might contribute to the migration defects in Jmjd3-cKO CD4 + T cells. To test this possibility, we constructed GFP-expressing retroviral vectors containing Jmjd3 and Pdlim4. Splenic T cells were collected from 2D2:Jmjd3 fl/fl (WT) and 2D2:Jmjd3-cKO mice and activated in vitro before transduction with GFP-containing viruses. GFP + CD4 + T cells were sorted, and equal numbers of GFP + cells were adoptively transferred into irradiated C57BL/6 recipient mice. After 48 hours, single-cell suspensions were prepared from the isolated spleens and LNs of the Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/JCI128293DS1). WT mice developed EAE disease faster and more severely than Jmjd3-cKO mice, as evidenced by mean clinical scores (Supplemental Figure 1B) .
To further study the role of JMJD3 in tumor therapy, we performed adoptive transfer of TCR-specific CD4 + T cells. For this purpose, we crossed TRP-1 TCR transgenic mice (obtained from The Jackson Laboratory, 008486), which express TCR specific for the minimal tyrosinase-related protein 1 (TRP-1) epitope, with Jmjd3 fl/fl and CD4-Cre mice to generate TRP-1:Jmjd3 fl/fl and TRP-1:Jmjd3 fl/fl :cKO mice. Next, CD4 + T cells were isolated from splenocytes by Dynabeads Untouched Mouse CD4 Cell Kit (Invitrogen, 11415D). Equal numbers of these TRP-1 TCR-specific T cells from TRP-1:Jmjd3 fl/fl (WT) and TRP-1:Jmjd3-cKO mice were adoptively transferred into B16-bearing mice (Supplemental Figure 1C ). We observed smaller tumors in the mice with WT CD4 + T cells than in the mice with Jmjd3-cKO cells (Supplemental Figure 1 Figure 1F ). Taken together, these results suggest that Jmjd3-deficient CD4 + T cells have an impaired ability to migrate to the tumor microenvironment, as compared with WT controls.
, D and E). We next detected tumor-infiltrating T cells by flow cytometry of TCRVα3.2 and CD4 markers and demonstrated a lower percentage and absolute numbers of TRP-1:Jmjd3-cKO CD4 + T cells compared with WT TRP-1 CD4 + T cells in the tumor (Supplemental
Identification of PDLIM4 as a key regulator of T cell migration. We next sought to identify JMJD3 target genes that might regulate T cell migration by performing microarray analysis of thymic CD4 SP T cells isolated from WT and Jmjd3-cKO mice. Gene expression profiling revealed that 16 genes were markedly downregulated, while 5 were upregulated in thymic Jmjd3-cKO CD4 SP T cells compared with WT cells ( Figure 3A and Supplemental Table did not observe the specific localization of GFP in the lamellipodium structure of the F-actin remodeling area in the WT and Jmjd3deficient CD4 + T cells transfected with GFP. We next determined whether ectopic expression of PDLIM4 promoted F-actin formation using WT thymic CD4 SP T cells, Jmjd3-cKO CD4 SP T cells, Pdlim4-KO CD4 SP T cells, and Pdlim4-expressing Jmjd3-cKO T cells, followed by phalloidin staining and FACS analysis. We found that F-actin organization was defective in Pdlim4-KO and Jmjd3-cKO CD4 SP T cells compared with WT and PDLIM4-expressing cells based on low phalloidin staining after 30 minutes of 50 nM S1P treatment ( Figure 4B ). Notably, PDLIM4-expressing cells exhibited the highest phalloidin staining for F-actin ( Figure 4B ), suggesting that PDLIM4 enhances F-actin formation. To further determine the distribution of insoluble F-actin (pellet) and the soluble G-actin (supernatant), we treated WT and Jmjd3-cKO CD4 SP T cells with S1P and lysed the treated cells. After removal of cellular debris by low centrifugation at 350 g for 5 minutes, the supernatants were further centrifuged at 150,000 g for 90 minutes to separate F-actin (in pellet) from soluble G-actin (in supernatant). The relative distributions of insoluble F-actin (pellet) and the soluble G-actin (supernatant) were analyzed by Western blot. We found that polymerized F-actin in the Jmjd3-cKO CD4 SP T cells was dramatically decreased when compared with that in WT cells ( Figure  4C ). Collectively, our results suggest that JMJD3 or PDLIM4 deficiency markedly reduces F-actin after S1P treatment, which can be rescued by ectopic expression of PDLIM4. S1P1 is a G protein-coupled receptor that binds to the bioactive signaling molecule S1P and activates intracellular signaling pathways that lead to cytoskeleton remodeling and T cell egress from the thymus (35) . We next used different immunofluorescences to label PDLIM4, S1P1, and phalloidin to stain F-actin in untreated and S1P-treated WT SP CD4 + T cells and observed colocalization of PDLIM4 with S1P1 on lamellipodium structure in the F-actin remodeling area ( Figure 4D ). Colocalization of PDLIM4 in S1P1 was quantified by using NIS-Elements Analysis and reached 95% upon S1P stimulation, whereas only 40% of colocalization was observed in the untreated cells (Supplemental Figure 4A ). Consistently, co-IP analysis revealed that PDLIM4 was associated with S1P1 in CD4 SP thymocytes ( Figure 4E ). To determine the specific domains of PDLIM4 involved in the interaction with F-actin, we used purified recombinant GST-PDLIM4 in an in vitro cosedimentation assay to investigate the interaction of PDLIM4 and F-actin. The polymerized actin was incubated with GST-PDLIM4, GST-PDLIM4-N-del (PDZ domain deletion), or GST PDLIM4-Cdel (LIM domain deletion), followed by high-speed centrifugation at 150,000 g for 90 minutes. The pellets and supernatants were subjected to SDS-PAGE separation after fractionation. We found that GST-PDLIM4 or GST-PDLIM4-N-del, but not GST-PDLIM4-C-del, was in the pellet fraction ( Figure 4F ), suggesting that the C terminus of PDLIM4 interacts with F-actin. Since PDLIM4 interacts with S1P1 ( Figure 4E ), we next determined which domain of PDLIM4 was required for interacting with S1P1. We constructed FLAG-tagged Pdlim4-N-del (PDZ domain deletion), C-del (LIM domain deletion), full-length Pdlim4, and HA-tagged S1P1, and cotransfected into HEK293T cells. Co-IP analysis revealed that the PDZ domain of PDLIM4 was required for interacting with S1P1 ( Figure 4G ). Additionally, we mutated 1 cysteine amino acid recipient mice. MOG peptide-specific donor cells were analyzed by flow cytometry using 2D2 TCR-specific Abs (TCRVα3.2 and TCRVβ11). Ectopic expression of Jmjd3 or Pdlim4, but not the empty vector control, restored the number of 2D2:Jmjd3-cKO CD4 + T cells in the spleens and LNs similarly to 2D2:Jmjd3 fl/fl (WT) CD4 + cells ( Figure 3C ), suggesting that Jmjd3 or Pdlim4 may rescue the defects in T cell migration.
To further determine whether PDLIM4 could rescue the CD4 + T cell migration defect due to Jmjd3 deficiency, we isolated bone marrow cells from either WT or Jmjd3-cKO mice and overexpressed control-GPF or Pdlim4-GFP in these bone marrow cells ( Figure 3D ). We generated chimeric mice, in which these bone marrow cells were transplanted into sublethally irradiated C57BL/6 mice. Flow cytometric analysis of splenocytes and thymocytes from these chimeric mice showed that significantly higher percentages of Jmjd3-cKO CD4 + T cells transduced with control-GFP in thymus, but reduced percentages of T cells accumulated in the spleen when compared with WT CD4 + T cells. However, thymic and splenic accumulation of Jmjd3-deficient CD4 + T cells was restored upon ectopic expression of Pdlim4 ( Figure 3D) .
In order to further demonstrate the physiological role of PDLIM4 in CD4 + T cell migration, we isolated thymic CD4 SP T cells from WT mice, generated Pdlim4-KO CD4 + T cells using the CRISPR-Cas9 system (Supplemental Figure 3A) , labeled the cells with CFSE, and then adoptively transferred them to irradiated C57BL/6 mice. After 48 hours, we determined the number of T cells by FACS analysis and found an increased number of Pdlim4-KO CD4 + T cells in the peripheral blood of mice, but reduced numbers in spleen and LNs, suggesting a decreased ability of these cells to migrate into spleen and LNs ( Figure 3E ). To further determine whether Pdlim4 KO inhibits CD4 + T cell migration, we isolated bone marrow cells from WT mice and knocked out Pdlim4 using the CRISPR-Cas9 system to generate chimeric mice by transferring Pdlim4-KO bone marrow cells into irradiated recipient mice. FACS analysis of cells isolated from these chimeric mice showed higher percentages of Pdlim4-KO CD4 + T cells accumulated in the thymus, but reduced percentages of Pdlim4-KO CD4 + T cells accumulated in the spleen and LNs (Supplemental Figure 3B ). Taken together, these results suggest that PDLIM4, the target of JMJD3, plays a critical role in T cell trafficking.
PDLIM4 regulates T cell migration through interaction with S1P1 and modulation of F-actin organization. PDLIM4 has been identified as a modifier of actin filament dynamics through its interaction with α-actinin and F-actin in muscle cells and nonmuscle epithelial cells (33) . Furthermore, PDLIM4 cytoskeleton protein contains 1 PDZ domain, which has been reported to play a key role in anchoring receptor proteins in the membrane to cytoskeletal components (34) . Since S1P treatment can cause actin cytoskeleton remodeling, we next sought to determine whether S1P treatment regulates PDLIM4-mediated actin remodeling in T cells, which may be required for T cell trafficking. To this end, we isolated WT and Jmjd3-deficient CD4 SP thymocytes, treated them with S1P after 12 hours of starvation with serum-free medium, and stained F-actin with phalloidin after T cell fixation. As shown in Figure 4A , in the WT and Jmjd3-deficient CD4 + T cells transfected with Pdlim4-GFP, we observed specific localization of PDLIM4 in the lamellipodium structure of the F-actin remodeling area. In contrast, we jci.org Volume 129 Number 11 November 2019 to proline amino acid (C330P ) in the C-terminal helix-8 region of S1P1. The co-IP results showed that S1P1 could not interact with PDLIM4 containing a mutation in the helix-8 region (Supplemental Figure 4B ). Based on these findings, we propose a model showing that the PDLIM4 interacts with the S1P1 protein at the N-terminal PDZ domain and binds to the actin cytoskeleton through its C-terminal LIM domain ( Figure 4H ). Expression of Pdlim4 is coregulated by JMJD3 and KLF2. During T cell differentiation, JMJD3 interacts with key differentiation regulatory transcription factors, such as T-bet (28, 36, 37) . Hence, we postulated that JMJD3 might also interact with factors involved in T cell migration, such as KLF2 and S1P1, which are master regulators of T cell emigration from the thymus (6) (7) (8) (9) (10) (11) . To test this possibility, we cotransfected 293T cells with FLAG-Jmjd3 and HA-tagged transcription factor genes, including Runx2, Klf4, Klf2, Wdr5, Fosl1, FosB, Wnt5a, and Nkx2.1 (Figure 5A ). Co-IP and immunoblot analysis revealed that JMJD3 interacted with KLF2, FosB, and Nkx2.1 in vitro ( Figure 5A) . A dual-luciferase assay was performed in 293T cells cotransfected with Klf2, Klf4, Runx2, Nkx2.1, FosB, T-bet, and Rorc with or without Jmjd3 and -1512 bp upstream of mouse Pdlim4 promoter-linked episomal luciferase vector ( Figure 5B ). Only KLF2 harbored transcriptional activity in regulating Pdlim4 expression, and JMJD3 significantly enhanced the ability of KLF2 to induce Pdlim4 promoter-driven luciferase activity ( Figure 5C ). JMJD3 did not enhance Pdlim4 promoter-driven luciferase activity without KLF2, suggesting coregulation of Pdlim4 by JMJD3 and KLF2. To determine whether endogenous interactions occur between KLF2 and JMJD3, we collected thymic WT and Jmjd3-cKO CD4 + SP T cell lysates and co-IP with anti-JMJD3 or anti-KLF2 Abs and then immunoblotted with anti-KLF2 or anti-JMJD3 Abs. We observed that KLF2 interacted with JMJD3 in CD4 + T cells ( Figure  5D ). Next, we dissected the precise Pdlim4 promoter sequences that were responsible for KLF2 and JMJD3 binding. We constructed a series of Pdlim4 promoter fragment-linked episomal luciferase vectors and cotransfected 293T cells with KLF2 alone or KLF2 and JMJD3 together ( Figure 5E ). The dual-luciferase assay indicated that sequences -100 bp upstream of the Pdlim4 transcriptional start site (TSS) were required for KLF2 binding and sequences -800 bp upstream of the Pdlim4 TSS were required for JMJD3 and KLF2 binding ( Figure 5E ); the luciferase reporter assay using CD4 SP T cells showed consistent results (Supplemental Figure 5A) . To address whether the interaction between JMJD3 and KLF2 is required for KLF2 binding to the Pdlim4 promoter, we performed a ChIP-quantitative PCR (ChIP-qPCR) assay on thymic CD4 SP T cells from WT or Jmjd3-cKO mice. We found that the binding of KLF2 to the Pdlim4 promoter was defective in Jmjd3-deficient CD4 SP T cells, suggesting that JMJD3 is required for KLF2 binding to the Pdlim4 promoter (Supplemental Figure 5B ). This defective binding of KLF2 to the Pdlim4 promoter could be rescued by expression of JMJD3 in Jmjd3-cKO CD4 SP T cells ( Figure 5F ). Taken together, our results indicate that both JMJD3 and KLF2 are required for binding to the promoter region of Pdlim4 and coregulate the expression of Pdlim4.
JMJD3 deficiency alters the methylation state of H3K27 and H3K4 on the Pdlim4 promoter. We previously reported that Jmjd3 deletion specifically increased H3K27 di-and trimethylation in CD4 + T cells and also affected H3K4 methylation (28) . By dissect-ing the ChIP-Seq data for individual genes of interest, we found that Pdlim4 and S1p1, but not Klf2, were highly bivalently marked in Jmjd3-cKO CD4 SP T cells ( Figure 6A ). Both Klf2 and S1p1 genes contained high levels of H3K4me3, but little or low levels of H3K27me3. Conversely, the upstream promoter regions of the TSS and even gene-body regions of Pdlim4 harbored high levels of H3K27me3 in Jmjd3-cKO CD4 SP T cells, which were higher than in WT CD4 SP T cells ( Figure 6A ). For genes such as Ccr7, Cd62l, Cd69, and Klf4, we did not observe appreciable changes in H3K4me3 and H3K27me3 levels (Supplemental Figure 6) .
To validate our ChIP-Seq data on the methylation status of Pdlim4, we performed ChIP-qPCR using WT CD4 SP T and Jmjd3-deficient CD4 SP T cells and Abs that were used to target H3K4me3 and H3K27me3. Interestingly, we observed a marked decrease in H3K4me3 and a marked increase in H3K27me3 levels on the Pdlim4 gene promoter in Jmjd3-deficient CD4 + T cells as compared with WT cells (Figure 6B ), suggesting that downregulation of Pdlim4 in Jmjd3-cKO CD4 SP T cells may be a result of changes in these epigenetic markers. To determine whether the demethylase activity of JMJD3 is required for regulating Pdlim4 expression, a luciferase assay was performed on 293T cells cotransfected with Pdlim4 promoter-linked episomal luciferase vector and with Klf2 in the presence of WT or mutant Jmjd3 (a loss of demethylase function mutation). WT Jmjd3 significantly enhanced KLF2-mediated Pdlim4 promoter activity, whereas mutant JMJD3 failed to enhance KLF2-mediated Pdlim4 promoter activity ( Figure 6C ). Together, these results suggest that Pdlim4 gene expression in CD4 SP T cells is dependent on JMJD3-dependent methylation of H3K27/H3K4 on Pdlim4, which may regulate T cell trafficking.
JMJD3 stabilizes the interaction between KLF2 and WDR5 and regulates Pdlim4 expression. JMJD3 also coregulates H3K4 methylation levels by interacting with the H3K4 methyltransferase complex and transcription factors (28) . To determine whether KLF2 also interacts with the H3K4 methyltransferase complex and JMJD3, we performed co-IP and immunoblot analyses on 293T cells cotransfected with HA-Klf2 and FLAG-tagged Ash2l, Rbbp5, Wdr5, and Dpy30. KLF2 specifically interacted with WDR5, but not ASH2L, RBBP5, and DPY30 ( Figure 7A) . To confirm the endogenous interaction of KLF2 with WDR5, we isolated CD4 SP T cell lysates, co-IP with anti-KLF2 Abs, and immunoblotted with anti-JMJD3, anti-WDR5, and anti-KLF2 Abs, respectively. Our results showed that KLF2 interacted with WDR5 and that JMJD3 was required for stabilizing this interaction ( Figure 7B and Supplemental Figure 5C ). To dissect the regions responsible for this interaction, we generated HA-tagged N-and C-terminal regions of KLF2 ( Figure 7C ). 293T cells were cotransfected with HA-Klf2, HA-Klf2-N, or HA-Klf2-C along with either FLAG-Wdr5 or FLAG-Jmjd3. We collected whole cell lysates (WCLs), immunoprecipitated with anti-FLAG beads, and immunoblotted with anti-HA Ab. Our results revealed that the N-terminal region of KLF2 interacts with FLAG-WDR5 and that the C-terminal region of KLF2 interacts with FLAG-JMJD3 (Figure 7 , D and E). To address which regions of JMJD3 are involved in the interaction with either KLF2 or ASH2L, we cotransfected 293T cells with HA-KLF2 and HA-tagged N-terminal, C-terminal, or M-middle regions of Jmjd3. WCLs were immunoprecipitated with anti-KLF2 Ab and immuno-centration gradients from the thymus to the periphery. Deficiency in KLF2 or S1P1 leads to impaired thymic egress (3, 8, 39) . T cell migration phenotypes in T cell-specific Jmjd3-deficient mice are similar to those in KLF2-deficient mice (6) , leading to the accumulation of mature SP T cells in the thymus, which is associated with lower numbers of SP T cells in the spleen and LNs as well as downregulation of S1p1, Cd62l, and Ccr7. To further understand how JMJD3 affects T cell migration, we identified a new JMJD3 target gene, Pdlim4, which plays an important role in T cell trafficking. Although Pdlim4 is the most downregulated gene, other genes, including S1p1, Cd62l, and Ccr7, but not Klf2, are also downregulated at the RNA level in Jmjd3-deficient mature SP T cells. Ectopic expression of Pdlim4 in Jmjd3-deficient CD4 + T cells restores their ability to migrate in both the spleen and LNs. Using chimeric mice and adoptive T cell transfer experiments, we demonstrated that ablation of Pdlim4 in CD4 + T cells reduces splenic T cell accumulation. Furthermore, we showed that removal of H3K27me3 by JMJD3 is a critical event in regulating Pdlim4 and S1p1 expression, but not in the promoter regions of Cd62l and Ccr7. Thus, our study identified a role for PDLIM4 in T cell migration.
PDLIM4 has been identified as a modifier of actin filament dynamics in muscle cells and nonmuscle epithelial cells (31, 32) , but how PDLIM4 regulates T cell migration remains unknown. Our findings presented in this study indicate that PDLIM4 overexpression could rescue the F-actin assembly and remodeling deficiency in Jmjd3-deficient CD4 + T cells, thus demonstrating the critical role of PDLIM4 for F-actin organization in thymic CD4 SP blotted with anti-HA Ab. We found that the N-terminal region of JMJD3 interacts with KLF2 ( Figure 7F ). We also performed co-IP and immunoblot analysis using 293T cells, which were cotransfected with FLAG-ASH2L and HA N-terminal, C-terminal, and M-middle regions of JMJD3 and found that the C-terminal region of JMJD3 interacts with ASH2L ( Figure 7G ). Taken together, our results demonstrate that JMJD3 regulates Pdlim4 expression by interacting with the transcription factor KLF2 and the H3K4 methyltransferase complex protein ASH2L ( Figure 7H ).
Discussion
During development, early TPCs differentiate into TCR-expressing CD4 + CD8 + DP thymocytes in the cortex of the thymus and then mature into SP CD4 + and CD8 + T cells in the medulla (1-3). After negative and positive selection, CD4 SP T cells emigrate from the thymus to the periphery, e.g., peripheral blood, spleen, and LNs. The epigenetic modifier JMJD3 has been shown to play a critical role in macrophage and T cell differentiation, but its role and mechanism in T cell migration are not clear. In this study, we demonstrate that Jmjd3 ablation results in diminished emigration of mature CD4 SP T cells from the thymus and decreased numbers of CD4 + T cells in secondary lymphoid organs. T cell migration from the thymus to secondary lymphoid organs is regulated by S1P1, whereas T cell entry into resting LNs typically requires CD62L and CCR7 (1, 38) . It is known that KLF2 regulates expression of S1p1, Cd62l, and Ccr7 (1). S1P1 is highly expressed in mature SP T cells and mediates SP T cell migration along S1P con- S1P1-mediated extracellular signaling and F-actin formation, which is critical for T cell migration and trafficking through its PDZ domain in the N-terminus and LIM domain in the C-terminus. Mechanistically, JMJD3 regulates Pdlim4 expression through interaction with KLF2, WDR5, and ASH2L in the promoter and gene-body regions of Pdlim4. Thus, our results provide insights into the molecular mechanisms by which JMJD3 and its target PDLIM4 regulate T cell migration.
Methods
Mice. Jmjd3 fl/fl :CD4-Cre mice were generated as previously described (28) . C57BL/6 and 2D2 mice were obtained from The Jackson Laboratory. Rag2 -/γc -/mice were purchased from Taconic. RAG1 -B w TRP-1 mice were purchased from the Jackson Laboratory (catalog 008684) and crossed with Jmjd3 fl/fl :CD4-Cre mice. Mouse strains are listed in Supplemental Table 3 . All mice were rederived using standard embryo transfer and maintained in pathogen-free animal facilities at the Houston Methodist Research Institute.
Preparation of mouse CD4 + T cells from thymus and spleen. Thymus and spleen were removed from mice, and single-cell suspensions were prepared by mincing and passing through stainless mesh. After removing RBCs by lysis with Tris-NH 4 Cl solution, the cells were suspended in RPMI 1640 medium with 1% fatty acid-free BSA. The spleen and thymus cells were purified to greater than 90% of CD4 + T cells using a mouse CD4 Enrichment Kit (Thermo Fisher).
IP and Western blot analysis. For IP, cells were lysed in an ice-cold lysis buffer (40 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 1% Triton X-100) with proteinase inhibitor. Supernatants were incubated overnight with primary Ab (2 μg), and immunocomplexes were allowed to bind to the protein A/G beads for 90 minutes at 4°C. Immunoprecipitates were washed 3 times with the lysis buffer. Western blotting was performed under conventional conditions after extracting the samples in SDS sample buffer. Protein extracts were separated by SDS-PAGE and electrotransferred onto PVDF membrane (Millipore). The membranes were exposed to primary Abs, washed, and incubated with secondary Abs, and the proteins were visualized by using Pierce Western Blotting Substrate Plus (Thermo Fisher). See complete unedited blots in Supplemental Figure 7 . All Ab information is listed in Supplemental Table 3 .
Flow cytometry. To detect the expression of surface molecules, T cells were first incubated with an anti-Fc receptor Ab (24G2) to reduce nonspecific binding of mAbs, and then they were labeled with the appropriate fluorescent mAbs. Appropriate fluorescein-conjugated, isotype-matched control mAbs were used as negative controls. Cells were analyzed with BD FACS Aria II.
Real-time RT-PCR. Total RNA was extracted from cultured cells with TRIzol (Invitrogen) according to the manufacturer's instructions. Oligo (dT) primers and Superscript III reverse transcriptase (Invitrogen) were used for the generation of cDNA from mRNA. Gene expression was determined by quantitative PCR with SYBR Green MasterMix (ABI), and the reactions were run on an ABI PRISM 7900HT Sequence Detection System (Life Science). Primers used for real-time PCR analysis are shown in Supplemental Table 2 . Expression levels are given as the ratio of the target gene to the control gene to correct for variations in the initial amount of mRNA (gene/Gapdh ×1000).
Chemotaxis, phalloidin staining, immunofluorescence, and confocal image analysis. To analyze actin cytoskeleton remodeling induced T cells. Furthermore, S1P/S1P1 signaling is also known to induce cytoskeleton remodeling by increasing polymerization of actin filaments in T cells (40) , but how S1P/S1P1 signaling is linked to cytoskeleton remodeling is not clear. To understand the molecular mechanisms of how PDLIM4 regulates T cell migration, we found that PDLIM4 interacts with S1P1 through the N-terminal PDZ domain and anchors to F-actin through the C-terminal LIM domain. S1P1 has been reported as interacting with other proteins, such as P-Rex1, through the PDZ domain (41) . However, the triple-serine sequence on the C-terminus of S1P1 does not represent a typical PDZ motif, thus indicating that the interaction between S1P1 and the PDZ domain may require an internal PDZ motif that still locates at the intracellular C terminus of S1P1. Another previous report illustrates that the conserved helix-8 motif in class-A GPCR is critical for PDZ domain recognition (42) . We found helix-8 motif mutation abolishes the interaction between S1P1 and PDLIM4, suggesting that S1P1 C-terminal helix structure is critical for PDZ domain recognition. Thus, our mechanistic studies suggest that PDLIM4 acts as an adaptor bridging between S1P1 signaling and F-actin remodeling during T cell migration.
Previous studies have shown that, due to hypermethylation, significant inhibition of Pdlim4 expression in prostate cancer is observed (43, 44) , but the epigenetic factors responsible for this hypermethylation at the Pdlim4 promoter remain to be identified. Consistent with these observations, our ChIP-PCR and ChIP-Seq analyses showed a substantial increase in H3K27me3 and a decrease in H3K4me3 in the promoter and gene-body regions of Pdlim4 as well as S1pr1 (but to lesser extent) in Jmjd3-deficient CD4 SP T cells. However, JMJD3 alone did not enhance Pdlim4 expression without KLF2, suggesting coregulation of Pdlim4 by JMJD3 and KLF2. In contrast, we observed a marked reduction in H3K4me3 (with a small increase in H3K27me3) in the promoter and gene-body regions of S1p1. Not only did JMJD3 harbor H3K27 demethylase activity, it also associated with H3K4 methyltransferase complexes and affected H3K4me3 levels at gene promoters. Indeed, we found that JMJD3 directly interacted with ASH2L, a core component of the H3K4 methyltransferase complex (28, 36, 37) . We further showed that KLF2 interacted with WDR5, another component of the H3K4 methyltransferase complex. However, JMJD3 was required for stabilizing the interaction between KLF2 and WDR5. Based on these findings, we propose that JMJD3 regulates Pdlim4 and known KLF2-regulated genes (S1p1, Cd62l, and Ccr7) by interacting with KLF2, WDR5, and ASH2L in the H3K4 methyltransferase complex. JMJD3 ablation disrupts the KLF2-JMJD3-ASH2L complex, leading to an increase in H3K27me3 and/or a reduction in H3K4me3 in the promoter and gene body of Pdlim4, thus downregulating target gene expression. The changes in H3K4me3 and/or H3K27me3 in the gene body are supported by findings that JMJD3 is involved in the protein complex engaged in transcriptional elongation (45) . Thus, our study provides the molecular insights by which JMJD3 regulates Pdlim4 gene expression through interaction with KLF2, WDR5, and ASH2L as a transcription complex.
In summary, our studies provide genetic evidence that T cell-specific deletion of Jmjd3 results in multiple defects in T cell migration. Gene profiling and ChIP-Seq analysis identified a JMJD3 target gene, Pdlim4. Importantly, PDLIM4 bridges jci.org Volume 129 Number 11 November 2019
analysis software. CD4 + T cells from WT and Jmjd3-cKO mice were purified, and a total of 200 ng of DNA was used for the ChIP-Seq library construction. Illumina sequencing was performed according to previously described protocols (46) (47) (48) . Sequencing reads from H3K4me3 and H3K27me3 ChIP-Seq libraries were aligned to the mouse mm8 genome using ELAND software (omicX). In order to reduce PCR amplification bias, only one uniquely mapped read per genomic position was retained. The histone modification changes upon JMJD3 KO were assessed as follows. The H3K27me3 sequencing reads in WT and cKO samples were counted in 4 kb windows centered at TSS or p300 ChIP-Seq peaks. The resulting read counts were used as input to the DEGseq algorithm56 to identify differentially methylated genes and enhancers. The DEGsevalue cutoff of 0.05 and the fold-change cutoff of 2 were used to identify statistically significant methylation changes. The raw and analyzed ChIP-Seq were deposited in the NCBI's Gene Expression Omnibus database (GEO GSE58775). ChIP-PCR experiments were performed using the Imprint Chromatin Immunoprecipitation Kit (Mil-liporeSigma) according to the manufacturer's instructions. Samples in triplicate were used for all experiments. All primers are listed in Supplemental Table 2 .
Statistics. Data were analyzed with GraphPad Prism 4.0 software. Results represent the mean ± SD where applicable. Statistical analyses between 2 groups were assessed using 2-tailed Student's t test. Statistical analyses among 3 or more groups were assessed by 1-way ANOVA with Tukey's multiple comparisons test. For all tests, a P value of less than 0.05 was considered statistically significant.
Study approval. These studies were reviewed and approved by the Institutional Animal Care and Use Committee at the Houston Methodist Research Institute.
